In the archaeal RNA polymerase and the eukaryotic RNA polymerase II, two subunits (E/F and RPB4/ RPB7, respectively) form a heterodimer that reversibly associates with the core of the enzyme. Recently it has emerged that this heterodimer also has a counterpart in the other eukaryotic RNA polymerases: in particular two subunits of RNA polymerase I (A14 and A43) display genetic and biochemical characteristics that are similar to those of the RPB4 and RPB7 subunits, despite the fact that only A43 shows some sequence homology to RPB7. We demonstrate that the sequence of A14 strongly suggests the presence of a HRDC domain, a motif that is found at the C-terminus of a number of helicases and RNases. The same motif is also seen in the structure of the F subunit, suggesting a structural link between A14 and the RPB4/C17/subunit F family, even in the absence of direct sequence homology. We show that it is possible to co-express and co-purify large amounts of the recombinant A14/A43 heterodimer, indicating a tight and speci®c interaction between the two subunits. To shed light on the function of the heterodimer, we performed gel mobility shift assays and showed that the A14/ A43 heterodimer binds single-stranded RNA in a similar way to the archaeal E/F complex.
INTRODUCTION
While bacteria and archaea have a single RNA polymerase (RNAP), eukaryotic nuclei contain three different types of RNAPs (I, II and III), each specialising in the transcription of a different class of RNA (rRNA, mRNA and tRNA, respectively). Most of the research on eukaryotic polymerases has focussed on the RNAP II from Saccharomyces cerevisiae, a large complex consisting of 12 polypeptides (RPB1-12), organised as a compact core of 10 subunits and a more loosely associated heterodimer (RPB4 and RPB7). Crystals of yeast RNAP II have been obtained only for the 10-subunit core, since the heterogeneity in the polymerase preparations caused by the variable stoichiometry of the RPB4/RPB7 heterodimer interfered with crystallisation. The three-dimensional structure of RNAP II therefore did not include these subunits (1, 2) .
Archaeal cells contain a single RNAP made up of about 12 subunits which display considerable homology to the eukaryotic RNAP II subunits. The RPB4 and RPB7 homologues are termed subunits F and E, but whereas the RPB7 homologue is reasonably well conserved, the similarity between the eukaryotic RPB4 and the archaeal F subunit is barely detectable. The three-dimensional structure of the complex between subunits E and F has been determined by crystallography at high resolution (3) . Subunit E (the RPB7 homologue) has an elongated two-domain structure containing two potential single-stranded RNA (ssRNA) binding motifs: a truncated RNP motif at the N-terminus and an S1 motif at the C-terminus. The S1 motif folds into a ®ve-stranded b-barrel known as OB fold. The smaller F subunit (the RPB4 homologue) wraps around one side of subunit E at the interface between the two domains.
Far less is known about the other two eukaryotic RNAPs: RNAP I that transcribes the 18S-5.8S-28S ribosomal RNA precursor and RNAP III that is involved in the production of tRNAs and a variety of other small RNAs. There is a high level of homology between the large subunits of all three RNAPs (A190/RPB1/C160 and A135/RPB2/C128), which contain the main catalytic centre. Of the small subunits, ®ve are universal and are present in all three enzymes (RPB5, RPB6, RPB8, RPB10, RPB12), a few are homologous and some are clearly type-speci®c subunits. Such subunits are likely to play important roles in ensuring the type-speci®c assembly of the different RNAPs in vivo and in facilitating their communication with a range of specialised transcription factors.
Two subunits of RNAP III (C25 and C17) show signi®cant sequence homology to RPB7 and RPB4. Less clear is the situation for RNAP I where a polypeptide (A43) shows similarity to RPB7 but no obvious subunit with sequence homologue of RPB4 can be found. However the RNAP I subunits A14 and A43 display a biochemical behaviour that is reminiscent of RPB4 and RPB7. It has therefore been suggested that A14 and A43 are the counterparts of the RPB4/ RPB7 heterodimer in RNAP I (4) . Recently, genetic evidence was presented to support this hypothesis, showing an interaction between A14, A43 and RPB6 (5) .
While a number of the smaller RNAP subunits have essentially a structural role in the RNAP architecture, the presence of an S1 motif in the amino acid sequence of the archaeal E subunit already indicated that the likely role of this subunit is to bind ssRNA. Indeed, gel mobility shift assays have con®rmed that the yeast RPB4/RPB7 heterodimer binds to single-stranded nucleic acid (6) .
Here we show that the sequence of A14 strongly suggests the presence of a structural motif that is also seen in the threedimensional structure of the archaeal F subunit. Based on this structural similarity, we propose a revised model for the relationship between RPB4/F subunit and A14. We show that it is possible to co-express and purify the A14/A43 heterodimer in milligram amounts and we analyse the effect of A43 deletion mutants on strength of the interaction. Furthermore, we show that the archaeal E/F heterodimer binds ssRNA in a non-sequence-speci®c manner, con®rming and extending the results obtained for the RPB4/RPB7 heterodimer. We also show that the A14/A43 heterodimer binds ssRNA with a similar af®nity to the archaeal E/F complex, and analyse the effect of A43 deletion mutants on the nucleic acid binding properties.
MATERIALS AND METHODS

Sequence and structural alignments
The structure of the Methanococcus jannaschii RNAP F subunit was submitted to the Dali server (http://www2.emblebi.ac.uk/dali) to be compared with the entire Protein Data Bank. Only structural similarities with a Z-score >3.0 were further analysed, and they were considered only if the regions of structural similarity did not contain large insertions. The Sgs1-HRDC (helicase and RNaseD C-terminal) domain was the top match, with a Z-score of 3.7 and a r.m.s. deviation of 3.1 A Ê for 61/80 a-carbons. The PDB accession numbers are 1go3 for the E/F heterodimer and 1d8b for the yeast Sgs1-HRDC domain.
The sequence database was searched using the BLAST-PSI program (7) . Multiple sequence alignments were generated with the ClustalW program (8) and manually modi®ed to account for the positioning of the secondary structure elements. The colour code for residue conservation shown in Figure 1 was based on the alignment of the amino acid sequences of 19 archaeal E subunits, 13 RNAP II RPB7 subunits, 7 RNAP III C25 subunits and 7 RNAP I A43 subunits. The full alignment including all the 46 sequences is available as Supplementary Material.
The alignment in Figure 2 is based on the phylogenetic classi®cation of proteins as reported in the NCBI-COG00514 (Clusters of Orthologous Groups of proteins: http://www. ncbi.nlm.nih.gov/COG/), representing the superfamily of DNA helicases (including the RecQ helicases) sharing the HRDC domain. The alignment of A14 with the Escherichia coli and Vibrio cholera RecQ helicase was based on a BLAST result, while the alignment between subunit F and the Sgs1-HRDC domain was based on the previously described Dali result. The alignment between S.cerevisiae RPB4 and C17 subunits (RPB4_YEAST and C17_YEAST, respectively) is the one reported in the SMART classi®cation of protein domains (http://smart.embl-heidelberg.de) and corresponds to the family SM00657.
Protein expression and puri®cation
Co-expression of the recombinant S.cerevisiae A14/A43 complex in E.coli cells was achieved using a two-plasmid strategy. The gene for the A14 subunit was ampli®ed by polymerase chain reaction and cloned into the NcoI and BamHI sites of the kanamycin-resistant pETM-30 vector (EMBL). The vector was designed to express the A14 protein fused to a His 6 -glutathione-S-transferase tag, cleavable by the tobacco etch virus (TEV) protease. Subunit A43 and its deletion mutants were cloned into the NheI and BamHI sites of the ampicillin-resistant pET21-a vector (Novagen), for expression as untagged proteins.
Escherichia coli BL21(DE3) cells were transformed with both plasmids, under the control of kanamycin and ampicillin and, after induction, cell cultures were grown at 30°C overnight. The cell pellet was thawed and resuspended in 20 mM Tris±HCl, pH 8.0, 300 mM potassium acetate, 7 mM magnesium acetate, 10% glycerol (buffer P300), supplemented with lysozyme at 1 mg/ml, benzonase (0.1 U/ml) and 1 mM phenylmethylsulfonyl¯uoride (PMSF). Cell lysis was performed by sonication and the resulting lysate clari®ed by centrifugation and ®ltered.
All the chromatographic steps were performed using an A È KTA FPLC apparatus (Amersham Biosciences). The crude extract was loaded onto a GSTrap chelating column (Amersham Biosciences); the column was extensively washed with buffer P300 and the protein eluted with 10 mM glutathione. After dialysis (20 mM Tris±HCl pH 7.9, 500 mM NaCl, 10% glycerol), recombinant His-tagged TEV protease was added to the sample and the digestion carried out for 24 h. Removal of the His-tagged protease and of the cleaved His-GST tag were performed using a HiTrap chelating column (Amersham Biosciences) previously charged with Ni 2+ ions. The ®nal yields were of the order of 1±3 mg of pure complex per litre of cell culture.
RNA binding experiments
The probe template was a 63-ribonucleotide fragment of the Methanococcus tuberculosis rrn leader region in pGEM3Z (Promega). The RNA probe was produced by in vitro transcription using SP6 RNA polymerase and 32 P[UTP] according to standard procedures and puri®ed on an RNeasy column (Qiagen) after DNase digestion. Probe at a concentration of 2 nM was used in a 10 ml reaction containing 10 mM HEPES pH 7.5, 0.2 mM EDTA, 10 mM ammonium acetate, 1 mM DTT, 200 mM potassium acetate, 10 mM magnesium acetate, 0.5 mg/ml tRNA, 10 mg/ml BSA, 10% glycerol, 40 U of RNasin (Promega) and varying amounts of protein. The samples were incubated at room temperature for 15 min before loading onto a native 8% acrylamide, 0.5Q TBE gel. The gel was electrophoresed at 25 mA for 2.5 h at 4°C before exposing to autoradiography. Increasing protein concentrations were 0.14, 0.7 and 3.5 mM.
RESULTS
A43 displays sequence similarity to the RPB7 family
The sequence similarity between the archaeal RNAP E subunit, the RNAP II subunit RPB7 and the RNAP III subunit C25 is clear and unambiguous ( Fig. 1 ; a full sequence alignment including 46 homologues is presented in the Supplementary Material). Within each subgroup (E subunit, RPB7, C25), the percentage of identity between different species is generally >30%, while across the subgroups the level of identity is~20%.
The homology extends to most of the secondary structure elements that are seen in the archaeal E subunit (3) with the exception of the C-terminal helix (K4), which is almost certainly unique to the archaeal homologues. The homology is higher in the truncated RNP motif and the OB fold, and less pronounced for the small b-sheet (C1±C3) which is inserted between strands B3 and B4 of the b-barrel. However, a few key residues are conserved in strands C1 and C2, indicating that the b-sheet is likely to be conserved. In the C25 subunits, the loop between B4 and B5 is longer and unusually rich in polar and charged amino-acid residues. In a number of OB folds the corresponding loop has been shown to play a key role in nucleic acid binding by closing over the nucleotide strand, with both polar and charged side-chains interacting with the sugar-phosphate backbone. In the structure of the M.jannaschii E subunit this loop is disordered, consistent Figure 1 . Amino acid sequence alignment for the RPB7 family. An alignment of the A43 homologues from different organisms (accession numbers: RPA43_YEAST, NP_014985; RPA43_SCHPO, NP_596665; RPA43_DROME, AAF52451; RPA43_ANOGA, EAA00625; RPA43_HUMAN, XP_166508; RPA43_ARATH, NP_565115) with the M.jannaschii E subunit (RPOE_METJA, NP_247371) and the S.cerevisiae RPB7 (RPB7_YEAST, NP_010692.1) and C25 (RPC25_YEAST, NP_012778.1) subunits. The position of the secondary structure elements for the E subunit (3) is shown below the sequence; the secondary structure elements that form the canonical S1 motif/OB fold are indicated in light blue. The N-and C-terminal extensions of the A43 sequences are not explicitly shown. Highlighted in red are the residues that are conserved in all the four subfamilies (A43, RPB7, C25, E subunits); in yellow are the amino acids conserved in at least four out of six A43 sequences; in blue are the amino acids conserved in ®ve out of seven eukaryotic C25 subunits; in green are the residues conserved in 10 out of 13 RPB7 sequences; in violet are the residues conserved in 15 out of 19 archaeal homologues (the following groups of amino acid residues have been considered similar: Ile/Val/Leu/Met, Phe/Tyr/Trp, Asp/Glu, Ser/Thr, Arg/Lys, Gly/Ala). with the possibility that it may become ordered upon nucleic-acid binding.
It is possible to detect a weak but signi®cant sequence homology between A43 and the E/RPB7/C25 family of proteins (9) (Fig. 1) . The A43 subunits are generally larger than the RPB7 homologues (up to 340 amino acid residues) and have diverged far more than the other members of the family, with a level of identity as low as 10% between A43 subunits from different species. The sequence similarity is more pronounced in the ®rst half of the polypeptide, while the C-terminal regions tend to be rather different and unusually rich in charged residues and/or repetitive sequences. An exception is represented by the sequences of the Schizosaccharomyces pombe and Arabidopsis thaliana A43, which are shorter (173 and 196 amino acids, respectively) and lack both the N-terminal and the low complexity C-terminal extensions. Beyond strand B4 the relationship between the A43 subunits and the other orthologues is uncertain. The alignment shown in Figure 1 is based on the positioning of the shorter S.pombe and A.thaliana A43 sequences to obtain a complete ®ve-stranded OB-fold barrel; this places the low complexity sequences of the mammalian and insect A43 subunits between strands B4 and B5, which corresponds to the position of similar insertions in the C25 subunits. Moreover, a deletion mutant of A43 lacking the last 87 amino acid residues is viable in S.cerevisiae (10) and our data show that the corresponding A43 fragment can be expressed in large amounts, suggesting that this fragment has a complete and independent fold.
When comparing the similarities across the subgroups, whereas the sequence identity between E/RPB7/C25 is generally~20%, the level of identity between A43 and other members is only between 7 and 14%, a level that is below the accepted signi®cance threshold. However, a clear pattern emerges when all the sequences are aligned and particularly when the sequence alignment is compared with the 3D structure of the archaeal E subunit, showing conservation of key structural residues in the core of the protein.
In some of the A43 homologues, the loop between B4 and B5 [involved in ssRNA/ssDNA binding in the canonical OB fold (11)] includes long extensions. Such extensions often consist of long stretches of negatively and positively charged amino acid residues (particularly lysines), consistent with the hypothesis of an involvement in the binding of the sugar-phosphate backbone of the nucleic acid. However it has to be stressed that the sequence homology between A43 and the other proteins is rather poor beyond strand B3 and therefore there is a serious ambiguity in the exact positioning of strands B4 and B5 along the A43 sequence.
RPB4 and A14 share a HRDC motif at the C-terminus
No signi®cant sequence homology could be detected between the A14 subunit of RNAP I (consisting of 137 amino acid residues) and any other RNA polymerase subunit. In particular no similarity could be detected between A14 and either the archaeal F subunit, RPB4 (RNAP II ) or C17 (RNAP III ). However, a structural connection can be established between the A14 subunit and subunit F.
The structure of archaeal RNAP subunit F consist of a short b-strand (A¢) and two helices (H1, H2) wrapping around the E subunit, followed by a more globular cluster of four helices (H3, H4, H5 and H6) at the C-terminus (3). A comparison of the structure with known protein folds identi®ed a structural similarity between these four helices and the HRDC domain (Fig. 2a) . This is a small domain (consisting of about 80 residues) found in RecQ helicases and RNaseD from various organisms (12) . Mutations in the HRDC domain have been shown to play a role in a number of human diseases, such as the Werner and Bloom syndromes (13) .
The NMR structure of the C-terminal domain of the S.cerevisiae RecQ helicase Sgs1 (Fig. 2b) shows that the HRDC domain folds as a cluster of ®ve helices (a1±a5), where the last two helices (a4 and a5) can be described as a single helix with a kink (14) . A similar fold is found in auxiliary domains of DNA and RNA polymerases, DExx box helicases and site-speci®c recombinases. A number of the HRDC sequences have a conserved hydrophobic insertion including the fPPf consensus sequence (where the ®rst hydrophobic residue f is generally V/L/I and the second is F/Y/A). The region is located in an exposed loop between helices a1 and a2 and is therefore a likely candidate for protein±protein interactions. Despite evidence that the Sgs1-HRDC domain weakly binds ssDNA, none of the residues that were shown to interact with the nucleic acid is conserved within the HRDC family, nor is the positive electrostatic charge distribution on the surface conserved. This suggests that the domain is not associated with a speci®c function, but ) is an elongated molecule that folds into two domains: a b-sheet wrapped around a helix (K2) forms the N-terminal domain (at the bottom of the molecule) while the S1 motif in the C-terminal half of the protein folds into an antiparallel b-barrel with an OB-fold topology. The disordered loop (residues 152±158) between strands B4 and B5 in the OB fold has been modelled for the sake of clarity and is shown as a dashed line. The F subunit (shown in magenta and green) folds into a series of helices that pack against one side of the E subunit at the interface between the two domains, with the N-terminus contributing one strand to the N-terminal b-sheet of the E subunit. The last four helices (H3±H6, shown in green) form a globular cluster that is structurally similar to a HRDC domain. (b) A ribbon representation of the HRDC domain from the S.cerevisiae helicase Sgs1 (14) . The structure consists of ®ve helices (a1±a5); between helices a1 and a2 is a conserved loop containing the fPPf sequence. (c) An alignment of the HRDC domains from a variety of helicases and RNases from prokaryotic and eukaryotic sources. The ®rst sequence corresponds to the C-terminal domain of the yeast Sgs1 helicase, whose structure is shown in (b). The position of the secondary structure elements is shown above the sequence. The sequence of yeast A14 is aligned with the HRDC domains based on sequence similarity; residues that are conserved in the HRDC motif and are present in the A14 subunit are highlighted in yellow. The sequence of subunit F is shown at the bottom of the table, with the position of the secondary structure elements shown below the sequence. Subunit F has been aligned with the HRDC motif based on the structural homology with the Sgs1-HRDC domain. A tentative alignment with S.cerevisiae RPB4 and C17 is shown, although the low level of sequence homology leaves a number of uncertainties as to the correct match. The alignment between A14 and RPB4/subunit F is therefore not based on direct sequence homology, but is the results of a three-step process: (i) the detection of the presence of a HRDC motif in the sequence of A14 and the subsequent alignment of A14 with members of the RecQ family; (ii) the sequence alignment between the subunit F, RPB4 and C17 family members; (iii) the alignment of the structurally equivalent residues of subunit F and the S.cerevisiae RecQ helicase Sgs1. may simply represent a common structural motif in proteins involved in nucleic acid binding.
When the C-terminal domain of the F subunit and the Sgs1-HRDC domain are superposed, the largest difference is the deletion in the F subunit of the a1±a2 loop which includes the fPPf motif. None of the residues involved in DNA binding are conserved and the overall electrostatic character of the molecular surface is very different (positively charged in HRDC and negatively charged in subunit F), making it unlikely that the F subunit shares the nucleic acid binding properties of the Sgs1-HRDC domain.
The amino acid sequence of A14 suggests the presence of a HRDC motif at the C-terminus (Fig. 2c) . A signi®cant number of residues conserved in most proteins belonging to the HRDC family are present in A14, including the loop between a1 and a2 which contains the sequence LPPA. The level of sequence identity is higher with the RecQ helicases. Given the level of sequence identity, it is likely that the C-terminus of A14 folds into a similar helical cluster, although the fact that the A14 sequence is slightly shorter suggests the presence of only four helices. Of the residues that confer a positively charged character to the Sgs1-HRDC domain surface, and that have The presence of a structurally equivalent domain in subunit F, despite the lack of a detectable signal for a HRDC motif in the sequence, clearly suggests a link between A14 and F, even in the absence of direct sequence homology between the proteins. The proposed similarity between A14 and the subunit F/RPB4/C17 does not involve a direct sequence homology, but it is demonstrated by the fact that they share a common structural domain, namely the HRDC motif. The presence of the HRDC signature sequence can be detected in the A14 sequence, while it is directly observed in the structure of subunit F, which is a prototype for the RPB4 and C17 structures. Considering the low level of conservation of the subunit F/RPB4/C17 family, in sharp contrast to the obvious similarities between most of the other RNAP subunits, the fact that the sequences of the RPB4 and A14 may have diverged so as to lose any resemblance is not surprising. But our results indicate that the overall fold of the molecule is likely to be conserved.
An interesting observation is that in the E/F complex the loop between helices H3 and H4 (the structural equivalent of helices a1 and a2 in the HRDC motif) is close to the N-terminus of subunit E (Fig. 2a) . The N-terminal extension of S.cerevisiae A43 can therefore be a possible candidate for interaction with the LPPA loop of A14.
Recombinant A43 and A14 can be co-expressed and form a stable heterodimer
In order to con®rm that A14 and A43 form a stable heterodimer, we used a two-plasmid system to co-express the two yeast subunits in E.coli cells. Full-length A14 was cloned into a vector conferring kanamycin resistance and expressing the target protein with a His-GST tag at the N-terminus, while A43 was cloned into an ampicillin-resistant vector. Co-expression of His-GST-A14 and untagged A43 resulted in the formation of a stable heterodimeric complex that could be puri®ed on a glutathione sepharose matrix (Fig. 3a) . The possibility that A43 alone could bind to the matrix was ruled out by expression of this subunit alone (data not shown). Cleavage of the His-GST tag and a further metal af®nity chromatography step, followed by size exclusion chromatography, were used to purify the heterodimer, clearly demonstrating a tight and speci®c interaction between the two subunits.
Based on the sequence alignment in Figure 1 , a number of deletion mutants of A43 were designed and tested for their capacity to interact with A14. Most of the A43 sequences have an N-terminal extension with respect to the other members of the RPB7 family. We chose to delete the ®rst 32 amino acid residues based on the alignment of the S.pombe and A.thaliana A43 homologues. A much longer tail is present at the C-terminus of some of the A43 subunits; not only is this extension an obvious addition to the OB fold seen in the archaeal E subunit but it is also very rich in charged residues. Again, such a long tail is not present in the more compact S.pombe and A.thaliana homologues. Furthermore, it has been shown that the last 87 amino acids of S.cerevisiae A43 are not essential for its function in vivo, despite conferring to the cell temperature sensitivity (10) .
We therefore prepared constructs encoding for A43DN (including residues 33±326), A43DC (1±239) and A43DNDC (33±239) and used them in co-expression experiments together with the plasmid expressing His-GST-A14. The results of these experiments are shown in Figure 3 . The interaction with A14 is clearly maintained for A43DN, showing that the ®rst 32 amino acid residues are not essential for the formation of the heterodimer (Fig. 3b) . A weaker interaction is observed for the C-terminal deletion mutant (Fig. 3c) , while it is abolished for the double mutant lacking both the N-and C-termini (Fig. 3d) . This can be explained by postulating that the deletion at the N-terminus causes a minor destabilisation of the complex, which has a synergic effect with the much more severe impairment caused by the C-terminal deletion.
However, the dif®culty of generating a reliable alignment with the E subunit beyond strand B3 makes the design of C-terminal deletion mutants uncertain and it is possible that the mutant we have chosen to construct may lack an essential structural element necessary for the integrity of the OB fold. Therefore we cannot rule out that the weaker interaction of A43DC with A14 is simply the result of a structural defect rather than re¯ecting an active role of the C-terminal tail in the formation of the heterodimer.
Similar experiments to try to identify the interactions between A43 and A14 have been recently reported in which in vitro synthesised A14 was incubated with truncated mutants of 35 S-labelled A43 fused with an HA epitope (5) . Contrary to our data, results from these experiments show no binding for both a DN36 and a DC87 deletion mutant, while we were able to purify a stable heterodimer for mutant DN33 and observed a weaker, but signi®cant interaction for DC87. We suggest that the discrepancy may be due to the fact that we co-express both proteins in the same cells, and therefore minimise the folding problems these subunits are likely to encounter when produced in the absence of the correct partner. Indeed, in a two-hybrid assay the ®rst 36 amino acids of A43 were found dispensable for the interaction (5), consistent with our co-expression experiments.
Both the E/F and A43/A14 heterodimers bind single-stranded RNA
The presence of an S1 motif in the sequence of the archaeal E subunit strongly suggests that its role is to bind single-stranded nucleic acids. Indeed, the eukaryotic RPB4/RPB7 complex has been shown to bind to both ssDNA and ssRNA with comparable af®nities (6) .
To test for ssRNA binding activity, we performed electrophoretic mobility shift assays with a radiolabelled RNA probe. The assay was done using the archaeal E/F heterodimer, the full-length yeast RNAP I heterodimer (A14/A43) and the two deletion mutants which maintained the integrity of the complex (A14/A43DN, A14/A43DC; Fig. 4 ). Both the E/F complex and the A14/A43 heterodimers bound to RNA. Protein±RNA complexes with comparable af®nities were obtained in the presence of various RNA probes (data not shown) indicating that the binding is sequence-non-speci®c. Neither of the deletion mutants bound to the probe, suggesting that the N-and C-terminal extensions play a role in interacting with the nucleic acid. We also carried out RNA binding experiments with the A14 and A43 subunits in the absence of a partner (data not shown); while we detected no binding in the presence of A14 alone, there was evidence of an interaction between A43 and the RNA probe.
DISCUSSION
While deletion of RPB7 in yeast is lethal (15, 16) , RPB4 is not essential under optimal growth conditions. However, rpb4D cells are heat and cold sensitive (17, 18) and are unable to enter the stationary phase when encountering nutrient depletion (19) . RNAP II puri®ed from the rpb4D strain lacks both RPB4 and RPB7, but RPB7 can interact with RNAP II independently of RPB4 and overexpression of RPB7 partially suppresses the stress phenotypes of the rpb4D strain.
The RNAP I subunits A14 and A43 display biochemical behaviour that is similar to RPB4 and RPB7. It is possible to purify an inactive form of S.cerevisiae RNAP I that does not contain the subunits A14, RPB6 (a subunit present in all three eukaryotic RNAPs, also known as ABC23) and A43 (20) . Deletion of RPA43 is lethal (21), while RPA14 is not essential for growth, although its absence results in a slight but detectable reduction in the synthesis of rRNA, growth defects at temperatures >30°C and a marked instability of the entire RNAP I (20) . Polymerase puri®ed from cells in which the gene for A14 has been deleted also lacks A43 and RPB6, indicating that the absence of A14 causes a major instability of two other essential subunits. Although A43 is essential in vivo, this subunit is not necessary for enzyme activity in a non-speci®c transcription assay in vitro (22) . This behaviour is similar to that of RPB4 and RPB7, suggesting a functional similarity between RPB4/RPB7 and A14/A43.
An obvious difference between RNAP I and RNAP II is the fact that the absence of A14 not only weakens the interaction between the core and A43, but also affects RPB6. Given that the position of RPB6 in the RNAP core is adjacent to the proposed location of the RPB4/RPB7 heterodimer (3), on the right-hand side of RPB5, underneath the clamp (Fig. 5) , it is possible that A43, being considerably more bulky than RPB7, interacts more tightly with RPB6 in the RNAP I structure and therefore affects its stability as well. Indeed, a direct interaction between RPB6 and A43 has been shown by coexpression in E.coli of His-tagged RPB6 and A43, followed by co-puri®cation by metal af®nity chromatography (5) . This model is also consistent with the position of the A14 and A43 subunits as seen by electron microscopy (23). The protein concentrations were 0.14, 0.7 and 3.5 mM. Lane 1, free probe; lanes 2±4, full length A14/A43 heterodimer; lanes 5±7, A14/A43DN; lanes 8±10, A14/A43DC; lanes 11±13, E/F. Asterisks indicate the positions of the protein±RNA complexes. A weak band, running at a position similar to that of A14/A43±RNA complex, is present also in lane 1 (free probe) and is likely to be due to the formation of secondary structure in the RNA probe. Both the full-length A14/A43 and the E/F heterodimer bind the RNA probe (as clearly indicated by the formation of a strong band corresponding to the complex and con®rmed by the depletion of the free probe), while the formation of the complex was not detected in the presence of the deletion mutants.
Nucleic Acids Research, 2003, Vol. 31, No. 15 4397 Sequence homology between A43 and the RPB7 family can be easily detected (9), while no sequence relationship could be found between A14 and the subunit F/RPB4/C17 family. A model has been proposed in which the structural similarity between A14 and the F subunit is limited to the N-terminal half of the protein, including strand A1¢ and helices H1 and H2 (5), while the C-terminal domain (corresponding to the 4-helix bundle) has been hypothesised to have a different fold. However such speculation is supported neither by sequence homology nor by structural similarity. Here we present evidence for a clear relationship between the C-terminal domain of the F subunit and A14; the amino-acid sequence of A14 suggests the presence of a HRDC motif at the C-terminus, a structural unit also seen in the F subunit (Fig. 2) . We therefore propose a very different structural model from Peyroche et al. (5) ; in our model the region between residues 76±137 of A14 folds into a helical bundle analogous to helices H3, H4, H5, H6 in the F subunit structure.
Before discussing the functional role of the A14/A43 heterodimer, it is interesting to note that A14 seems to be unique to S.cerevisiae and has no clear homologue in any other organisms. It is possible that the sequence is so divergent that the similarity cannot be recognised; this would be consistent with both the relatively low level of conservation shown by the members of the subunit F/RPB4 family, and the far lower degree of conservation shown by the RNAP I A43 subunits compared to the RPB7/C25/E subunits. However, no unidenti®ed polypeptide that could correspond to an A14 homologue has been observed in preparations of RNAP I from different species. It is conceivable that the loss of this subunit is due to a labile interaction that does not survive the biochemical puri®cation procedures needed to isolate the polymerase core, but it may also suggest that A14, a nonessential subunit in yeast, has not been conserved in evolution. This would be in agreement with the genetic, biochemical and structural data indicating that RPB4 has simply a structural role in stabilising RPB7 and its interaction with the RNAP 10-subunit core, a role that could be dispensable. A 163 amino acid reading frame from the Candida albicans genome sequence displaying some sequence similarity to yeast A14 has been reported (5) . Although a short stretch of 15 amino acid residues is almost identical, the overall similarity between the two sequences is low and there is no evidence that the C.albicans protein is part of the RNAP I . When the sequence homology between the S.cerevisiae A14 and C.albicans putative homologue is used to build a pro®le to carry out further searches in the sequence database by BLAST-PSI (NCBI), no other sequence that matches this pro®le can be found.
While a number of the smaller RNAP subunits have essentially a structural role in the RNAP architecture, the consistent presence of this structurally independent binary complex in all the eukaryotic and archaeal RNA polymerases indicates a critical functional role for these subunits. The presence of an S1 motif in the amino acid sequence of the archaeal E subunit has already indicated that the likely role of this subunit is to bind ssRNA. Although no trace of the characteristic S1 sequence pattern can be found in any of the eukaryotic homologues, based on the crystal structure of the E subunit it is possible to identify a number of alternative residues that may play a similar role to the canonical S1 motif in all the eukaryotic subunits. Indeed, gel mobility shift assays have con®rmed that the yeast RPB4/RPB7 heterodimer binds to single-stranded nucleic acid (6) .
Although proteins containing an OB fold can bind either ssRNA or ssDNA, the particular subgroup containing the sequence signature of the S1 motif binds ssRNA. For example, the proposed function for the cold-shock proteins is to bind to nascent mRNA during bacterial transcription, thereby preventing formation of intramolecular hydrogen bonds at low temperatures like an`RNA chaperone' (24) . In a similar manner the ribosomal S1 protein binds to a subset of mRNAs, particularly those containing long 5¢ untranslated sequences, preventing the formation of secondary structures that would interfere with ef®cient translation (25) . The bacterial transcription anti-terminator factor NusA has been proposed to bind the nascent mRNA directly after its emergence from the RNAP exit tunnel (26) ; the transcription terminator Rho is thought to translocate along the RNA (27) ; translation initiation factor eIF1A is employed in scanning mRNA for the initiation codon (28) . The emerging common theme is, therefore, ssRNA binding without sequence speci®city. We therefore proposed that the OB fold of RPB7 interacts with the nascent RNA transcript, possibly assisted by the truncated RNP domain (3) .
We have now measured binding to ssRNA for both the archaeal E/F complex and the eukaryotic A14/A43 complex and shown that the two complexes bind nucleic acid with comparable af®nities (Fig. 4) . This indicates not only that the structure of the heterodimer is likely to be conserved but also that the RNA binding function has remained constant in the evolution of the archaeal and eukaryotic RNA polymerases. On the other hand, while it is likely that the S1 motif of the E/F heterodimer plays a major role in nucleic acid binding, the Nand C-terminal extensions of A43 seem to play a signi®cant role in RNA binding, since their deletion abolished the formation of a protein±nucleic acid complex. (Fig. 4) is indicated by a blue circle. The position of RPB6 in the RNAP II is exactly underneath the proposed position for the RPB4/RPB7 heterodimer, making it possible that in RNAP I the absence of the A14/A43 complex may also affect the stability of RPB6.
An additional role for the heterodimer, although not as well understood, may involve the initiation of transcription at speci®c promoters. RPB4 and RPB7 have been implicated in promoter-speci®c transcription initiation in vitro (6, 29) and in promoter-activated transcription in vivo (30) . No obvious mechanism has been proposed, nor has the structure of the archaeal homologue shed any light on a possible role in transcription initiation. A possibility is that the heterodimer simply triggers or facilitates the closure of the clamp as the nascent transcript emerges from the active site, assisting the polymerase conformational changes that are essential for transcription initiation (31) .
Another possibility is that the heterodimer may be directly involved in recruitment of activators. There is some evidence that human RPB7 interacts with the N-terminal moiety of transcription factor EWS (32), the highly homologous hTAF II 68 (33), as well with the ligand-free retinoic acid receptor (34) , but it dif®cult to determine whether these few examples are physiologically relevant and whether they are representative of a more general function of RPB7.
A far clearer picture of the participation of A43 in the formation of the pre-initiation complex is emerging, showing that A43 plays a key role in RNAP I recruitment onto rRNA promoters by directly interacting with transcription factor RRN3 (10, 35) . RRN3, also known as TIF-IA in mammalian cells, is an essential transcription factor which associates with the polymerase also in the absence of DNA and de®nes a distinct population of transcriptionally active and initiationcompetent RNAP I (36) . Furthermore the RNAP III subunit C17 (the homologue of RPB4) from S.cerevisiae has been shown to interact with the general transcription factor TFIIIC, and possibly have a role in transcription initiation (37) .
NOTE ADDED IN PROOF
Recently the structure of the S.cerevisiae RNAP III 12-subunit complex has been determined by two groups [Armache,K.J., Kettenberger,H. and Cramer,P. 
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